[one of the many functions]{.smallcaps} of a healthy vascular endothelium is to avoid unwanted intralumenal blood clotting and potentially lethal thrombus formation ([@B27], [@B120]). Key to this anticoagulant property is thrombomodulin (TM), an integral membrane type-1 glycoprotein expressed on the lumenal surface of vascular endothelial cells at a density of ∼50,000--100,000 molecules per cell ([@B153]). As a pivotal determinant of endothelial thromboresistance, TM-mediated binding of thrombin leading to protein C activation has beneficial anticoagulant, antifibrinolytic, and anti-inflammatory outcomes for the vessel wall ([@B28]). Unsurprisingly therefore, endothelial injury and dysfunction, a feature of vascular diseases, manifests reduced TM expression and elevated soluble TM release ([@B15], [@B58], [@B101], [@B114], [@B124]). Recent years have seen an abundance of TM publications, shedding much light on the physiological and pathological mechanisms regulating endothelial TM, from transcriptional and posttranscriptional (miRNA) regulation of TM gene expression to posttranslational processing and shedding of the expressed protein. The specific goal of this review is to comprehensively review the endothelial/TM system from these regulatory perspectives and draw some fresh conclusions. We will also examine the current status of TM\'s growing therapeutic appeal, from the direct application of recombinant TM analogs to resolve vascular disorders and modify the surface thromboresistance of biomaterials, to the indirect pleiotropic induction of TM expression during statin treatment.

THE VASCULAR ENDOTHELIUM
========================

The vascular endothelium, a continuous monolayer of flattened endothelial cells that forms the lumenal lining of all blood vessels, is vital to the health and homeostatic responsiveness of the mammalian circulatory system (for review see 103). As the central theme of several thousand publications over the last few decades, the highly dynamic nature and functional complexity of the endothelium have been well documented. It exhibits considerable phenotypic heterogeneity across different vascular beds ([@B4]), its prime function being to regulate systemic blood flow and tissue perfusion rates through adjustment of vessel diameter and vascular tone (closely interacting with the underlying smooth muscle cells and pericytes), with a vasodilatory phenotype predominating in healthy vessels ([@B52]). It also acts as a highly selective barrier controlling the paracellular (and transcellular) exchange of fluids, ions, and macromolecules between circulating blood and tissues ([@B11]), a homeostatic function maintained by the coordinated interaction of interendothelial adherens and tight junction complexes ([@B172]). In a further dimension to this barrier role, endothelial cells (which normally maintain an anti-inflammatory phenotype) can mediate the recruitment and extravasation (diapedesis) of proinflammatory leukocytes to areas of tissue damage and infection via the lumenal expression/release of cell adhesion molecules (selectins, integrins, PECAM-1) and cytokines (TNF-α, IL-1, IL-6, MCP-1) ([@B33], [@B41]). Finally, the lumenal surface of the healthy endothelium expresses a range of molecules that serve to downregulate platelet and thrombotic mechanisms, thereby creating an anticoagulant surface for blood flow and preventing thrombus formation ([@B27], [@B120]). One of these anticoagulant molecular targets, thrombomodulin (TM), will serve as the focus of the present review.

The endothelium exists within a pressurized fluid environment. Blood flow-associated hemodynamic forces, namely shear stress and cyclic strain, exert a profound influence on endothelial gene expression and signaling ([@B7]). Shear stress is the tangential frictional force exerted by blood flow as it drags across the endothelial surface, causing cells to "flatten" and morphologically align in the direction of flow, while cyclic strain, impacting both the endothelial and underlying smooth muscle cells in macrovessels, describes the repetitive outward stretching of the vessel wall in synchronization with the cardiac cycle ([@B36]). Endothelial cells possess diverse mechanoreceptor mechanisms that allow them to sense their hemodynamic environment and transduce mechanical signals into appropriate cellular responses (e.g., NO production, gene expression), thus enabling blood vessels to structurally adapt to suit circulatory conditions ([@B174]). Within this context, physiological ranges of laminar shear stress and cyclic strain of endothelial cells promote both antiproliferative and anticoagulant characteristics consistent with an atheroprotected phenotype (i.e., manifesting healthy endothelial function and atherosclerotic resistance) ([@B5], [@B163], [@B186]). However, chronic dysregulation of hemodynamic stimuli (e.g., arterial bifurcations and curvatures, autologous vein grafts) has serious clinical implications ranging from endothelial dysfunction to atherosclerosis, stroke, and vein graft thrombosis ([@B61], [@B142], [@B161]). The impact of the hemodynamic environment on TM regulation and endothelial thromboresistance will therefore be examined in this review.

THROMBOMODULIN STRUCTURE
========================

Thrombomodulin (THBD, CD141, BDCA3, fetomodulin), discovered and first named in 1982 by Esmon et al. ([@B44]), is a multidomain integral membrane protein constitutively expressed on the lumenal surface of vascular endothelial cells. In addition to coating the endothelium throughout all vascular beds, TM expression has been widely detected in several other tissues suggesting a multifunctionality beyond its widely established anticoagulation and anti-inflammatory roles ([@B167]). It has been identified in human gestational tissues such as placenta and myometrium ([@B166]), the gingival epithelium ([@B100]), keratinocytes ([@B138]), polymorphonuclear neutrophils ([@B30]), monocytes ([@B164]), dendritic cells ([@B190]), osteoblasts ([@B94]), and even platelets ([@B153]). TM has also been detected in a variety of cultured cells including smooth muscle cells ([@B142]), A549 small cell lung cancer cells ([@B51]) and NIH 3T3 cells ([@B39]), while soluble variants have been detected in human urine ([@B108]) and serum ([@B194]).

The human TM gene, separately cloned by Wen et al. ([@B179]) and Suzuki et al. ([@B152]) from a human cDNA library, is an intronless gene localized to chromosome 20p12-cen ([@B45]). It codes for a protein of 575 amino acids (processed to 557 amino acids following removal of the NH~2~-terminal signal peptide) and has been widely reported as having a molecular weight ranging from 70 to 100 kDa. TM is structurally organized into five domains: D1, an NH~2~-terminal C-type lectin domain (CTLD); D2, a chain of six extracellular EGF-like repeats; D3, an extracellular serine/threonine (Ser/Thr)-rich region; D4, a transmembrane spanning region; and D5, a short cytoplasmic tail. Over the last two decades, a multitude of studies have uncovered the complex functional heterogeneity of these domains, which range from mediating the anticoagulant and antifibrinolytic properties of TM (D2/D3) ([@B69], [@B78]), to TM internalization and regulation of inflammatory responses (D1) ([@B31], [@B69]). For a highly comprehensive overview of the structural properties of TM, the reader is further directed to a recent review by Conway ([@B28]).

THROMBOMODULIN FUNCTIONS
========================

The ability to bind the serine protease thrombin and potentiate its role within the protein C (PC) activation cascade is often viewed as the archetypal function of TM. Indeed, mouse models of TM gene mutation (TMpro/pro mouse) and endothelial cell-specific gene deletion (TMLox^−^ mouse) both exhibit greatly reduced ability to generate activated protein C (APC) within the circulation, leading to thrombosis and hypercoagulable state ([@B66], [@B127]). Thrombin binds to the TM EGF5--6 repeat domain and also, with lower affinity, to the TM CS moiety within the Ser/Thr-rich domain via the thrombin anion binding exosite I and II regions, respectively ([@B86], [@B189]). This has the effect of blocking the interaction of thrombin with circulating procoagulant substrates (e.g., fibrinogen) and enhancing its specificity for PC, leading to a substantially elevated rate of PC activation (over 1,000-fold relative to unbound thrombin) ([@B3]). Thrombin cleaves PC to cause the release of a dodecapeptide activation sequence and yield activated PC (APC), a disulfide-linked heterodimer, an event that is significantly enhanced if PC is bound to endothelial protein C receptor (EPCR) ([@B147]). Once dissociated from EPCR, APC elicits potent anticoagulant effects primarily through the proteolytic inactivation of factor Va and factor VIIIa ([@B34]). Thrombin binding to TM also enhances the substrate specificity of the latter toward thrombin-activatable fibrinolysis inhibitor (TAFI), a plasminogen-bound zymogen, to yield TAFIa ([@B3], [@B112]). TAFIa---also known as procarboxypeptidase B2 (CPB2), carboxypeptidase U (CPU), and plasma carboxypeptidase (pCPB)---exhibits carboxypeptidase-like activity toward COOH-terminal lysine residues from partially degraded fibrin ([@B82], [@B193]), thereby serving as a negative regulator of fibrinolysis. This enhances the stabilization of fibrin clots ensuring greater injury localization during vascular inflammatory events. Interestingly, selective blockade of the TM/thrombin-mediated generation of TAFIa (e.g., using monoclonal antibodies) represents a valid approach to the development of profibrinolytic therapies to reduce clot lysis time ([@B104]).

In addition to anticoagulant and antifibrinolytic consequences, the anti-inflammatory properties of TM have also been documented. A relatively recent study by Nara et al. ([@B111]) for example describes how treatment of human endothelial cells with an anti-TM monoclonal antibody elicits inflammatory signaling mechanisms (e.g., NF-κB stimulation, IL-6 secretion) leading to endothelial activation, while Takagi and co-workers ([@B155]) report that the C-type lectin domain of TM is a modulator of dendritic cell-mediated immunostimulatory events. The anti-inflammatory effects of TM/thrombin binding have also been well documented. While bound to EPCR for example, thrombin-generated APC can suppress monocyte-dependent cytokine production ([@B59]) and induce a cytoprotective endothelial gene expression profile ([@B72]). EPCR-bound APC can also switch the signaling specificity of protease-activated receptor 1 (PAR1), which serves to orchestrate cellular responses to coagulation proteases such as thrombin, from a proinflammatory to an anti-inflammatory response ([@B24], [@B125], [@B126]). Similarly, both in vitro ([@B82]) and in vivo ([@B12], [@B96]) studies have shown that thrombin-generated TAFIa can proteolytically inactivate a number of endogenous pro-inflammatory mediators such as bradykinin, osteopontin, and the complement-derived anaphylotoxins C3a and C5a via cleavage of their COOH-terminal arginine residues. TM can also negatively regulate the complement system by accelerating factor I-mediated inactivation of C3b. In this respect, missense mutations in TM can lead to a diminished ability to protect against activated complement, a feature of ∼5% of potentially fatal atypical hemolytic-uremic syndrome (HUS) cases ([@B37]). It should also be noted that circulating thrombin itself has several potent proinflammatory properties within the vascular endothelium, from induction of proinflammatory molecule expression (e.g., IL-6, IL-8, E-selectin, and MCP-1) ([@B9], [@B145]) and nitric oxide production ([@B107]), to activation of NF-κB signaling and monocyte/endothelial adhesion ([@B36]). Thrombin is also known to potentiate endothelial activation by TNF-α ([@B9]). Thus, by reducing circulating levels of thrombin as well as switching its substrate specificity toward PC and TAFI (to yield anti-inflammatory APC and TAFIa), TM functions as an anti-inflammatory molecule, rendering it both a pivotal player in the progression of inflammatory diseases and a viable target for therapeutic intervention.

TRANSCRIPTIONAL REGULATION
==========================

The 5′-untranslated promoter region of the TM gene displays numerous response elements conferring transcriptional sensitivity to various stimuli ([@B159], [@B188]). Oxidative stress ([@B81]), hypoxia ([@B114]), oxidized LDL ([@B68]), C-reactive protein ([@B110]), phorbolesters (PMA) ([@B58]), cyclic adenosine monophosphate (cAMP) ([@B58]), and TNF-α ([@B58]) tend to downregulate endothelial TM expression, while an upregulatory effect has been attributed to thrombin ([@B136]), VEGF ([@B20]), retinoic acid ([@B97]), and heat shock ([@B50]). In view of so many competing influences, basal endothelial TM levels typically reflect a balance between up- and downregulatory forces. For example, p66Shc-mediated cellular oxidative stress leading to transcriptional repression of Kruppel-like factor 2 (KLF2), a transcription factor positively regulating the TM promoter ([Fig. 1](#F1){ref-type="fig"}), can lead to downregulation of TM expression ([@B81]), while upregulation of KLF2 by antioxidant laminar shear stress has the opposite effect ([@B35], [@B67]), a particular aspect of TM regulation discussed in greater detail in the next section ([posttranscriptional regulation]{.smallcaps}). Similarly, TNF-α-dependent suppression of endothelial TM levels via NF-κB activation has been well documented ([@B88], [@B143]), an effect that can be counterbalanced by all-trans retinoic acid treatment ([@B97]), laminar shear stress ([@B73]), and statins ([@B13]). Interestingly, the TM promoter does not actually contain a classic NF-κB consensus motif, but NF-κB can mediate cytokine-induced repression of TM expression by competing for binding to p300, a transcriptional coactivator essential for TM expression ([@B143]). An intriguing study by Takeda et al. ([@B156]) also reports that endothelial TM levels are subject to circadian variation (an important variable in CVD event occurrence) via TM promoter transactivation involving CLOCK/BMAL-2 heterodimer binding to the promoter E-box region (-CA*NN*TG-).

![Predicted response elements within the 5′-flanking promoter region of the thrombomodulin gene. Consensus motifs and corresponding response element are highlighted. Key: KLF-2, Kruppel-like factor-2; HIF-1, hypoxia inducible factor-1; ETS-1, v-Ets E26 erythoblastosis; AP-1, activating protein-1; CRE, cAMP response element; SP-1, specificity protein-1; GRE, glucocorticoid response element; Sequence shown is for the rat thrombomodulin promoter (GenBank AF022742.1) Promoter, 1--708; ATG start site, 900--902.](zh40121307790001){#F1}

Endothelial TM expression also displays sensitivity to blood flow-associated laminar shear stress, a hemodynamic force known to impart an atheroprotective phenotype to the endothelium ([@B163]). In view of the anticoagulant and anti-inflammatory characteristics of this phenotype, the observation that shear stress is a positive regulator of TM expression in most studies is therefore unsurprising. Shear-dependent upregulation of TM expression under both acute and chronic treatment paradigms has been reported in human retinal microvascular endothelial cells ([@B67]), primate peripheral blood-derived endothelial outgrowth cells ([@B43]), HUVECs ([@B14], [@B154], [@B187]), human abdominal aortic endothelial cells (HAAECs) ([@B129]), and even in a mouse transverse aortic constriction model of flow-dependent remodeling ([@B85]). The ability of shear stress to offset the downregulatory impact of TNF-α treatment on TM expression in HUVECs has also been reported ([@B73]). In stark contrast to these studies, an early publication by Malek et al. ([@B95]) has reported that endothelial TM expression exhibits a mild transient increase followed by a (reversible) decrease to just 16% of baseline levels within 9 h of flow onset in bovine aortic endothelial cells (BAECs). One should probably regard this early observation as somewhat atypical, however, in light of the volume of recent studies reporting the opposite effect. The use of BAECs for this study (as opposed to human/primate/mouse models) may serve as a possible explanation. Interestingly, the same authors also report that TM is similarly regulated in BAECs by both laminar *and* turbulent shear, although they suggest that this unusual observation should be interpreted with caution due to the arbitrary nature of the chosen shearing conditions (i.e., may not reflect the true in vivo situation).

While studied to a lesser extent, contrasting observations also accompany reports on the regulation of TM expression by cyclic strain, the repetitive mechanical deformation of the vessel wall as it rhythmically distends and relaxes with the cardiac cycle. Using a rabbit autologous vein graft model, Sperry et al. ([@B144]) have demonstrated that the substantially reduced TM expression in vein grafts (observed both acutely and chronically) occurs as a direct consequence of outward vessel wall distension and, interestingly, not elevated vessel shear rates or local inflammatory response, leading them to conclude that strain-mediated elevation of endothelial thrombogenicity is a principal cause of occlusive thrombosis preceding autologous vein graft failure. In an apparent contrast to this observation, slightly earlier paired studies by Golledge et al. ([@B55]) and Gosling et al. ([@B56]) employing ex vivo human saphenous vein segments within a validated in vitro flow circuit, report that exposure of vein grafts to arterial flow significantly reduces endothelial TM expression in a cyclic strain-independent manner (although stretch-activated calcium ion channels appear to be involved). One explanation for this difference may possibly be attributed to ineffective external stenting used in the earlier studies to block out cyclic strain influences, with up to 7 ± 2% pulsatile expansion still possible with external polytetrafluoroethylene (PTFE) stents. Another explanation may stem from the fact that the later ([@B144]) and earlier ([@B55], [@B56]) studies reflect chronic (weeks) vs. acute (45--90 min) observations, respectively.

Using both vein graft and in vitro vascular cell culture models, recent studies by Kapur and co-workers ([@B74]) into the mechanism of endothelial thromboresistance in vein grafts convincingly demonstrate that cyclic strain-dependent induction and release of transforming growth factor-β1 (TGF-β1) within the medial smooth muscle cell layer could decrease endothelial TM expression in a paracrine manner, albeit via an unknown signaling mechanism. Using a pan-neutralizing TGF-β1 antibody (1D11), these authors were able to block TM downregulation, preserve levels of activated protein C, and reduce thrombus formation in a rabbit vein graft model. Moreover, preliminary work in our own laboratory strongly suggests that chronic elevated cyclic circumferential strain of cultured human aortic endothelial cells (HAECs) could directly reduce cellular expression of TM protein ([Fig. 2*B*](#F2){ref-type="fig"}) and mRNA, while simultaneously increasing TM release into the media ([Fig. 2*A*](#F2){ref-type="fig"}) (F. A. Martin and P. M. Cummins, unpublished observations). In stark contrast to these observations, however, (and indeed to those above), a recent paper by Chen et al. ([@B22]) demonstrates a sustained increase in TM protein expression in HUVEC cultures following 21% (but not 15%) cyclic strain, with a nitric oxide (NO) signaling mechanism strongly implicated in these events. The authors of this study suggest that as TM promoter activity was not induced by cyclic strain of HUVECs (data not shown), the observed increase in protein expression may putatively be attributed to NO-mediated stabilization of TM protein via *S*-nitrosylation. In the absence of further data, however, and considering the supraphysiological levels of strain applied, the relevance of this study remains questionable and possibly highlights a limitation of cell culture models in addressing the regulatory impact of cyclic strain on TM expression. Finally, a study by Feng and co-workers report a 2.6-fold downregulation of TM expression in human aortic smooth muscle cells (HASMCs) following 4% equibiaxial cyclic strain for 24 h ([@B48]); however, the physiological relevance of this result is questionable in view of the fact that vascular SMCs do not appear to express TM protein or mRNA in vessel walls ([@B142]) (again highlighting a limitation of cell culture models).

![Impact of equibiaxial cyclic strain on thrombomodulin (TM) expression and release in human aortic endothelial cells (HAECs). Cyclic strain was applied to HAECs for 24 h at 60 cycles/min (cardiac waveform) by Flexercell TensionPlus FX-4000T system (Flexercell International). Cells and media were harvested and monitored for TM levels by multiplex ELISA using a 4-plex human vascular injury detection panel (MesoScale Discovery). Histograms display effect of cyclic strain on TM levels in media (*A*) and cells (*B*). \**P* ≤ 0.05 vs. low-strain (2.5%) control. *Inset* above *B* shows typical ELISA standard curve for TM (electrochemiluminescent signal at 620 nm vs. TM concentration). In response to elevated chronic cyclic strain (12.5%), TM levels are observed to decrease in cells, while elevated levels of TM shedding into media are observed at high strain (F. A. Martin and P. M. Cummins, unpublished observations).](zh40121307790002){#F2}

POSTTRANSCRIPTIONAL REGULATION
==============================

MicroRNAs (miRNAs) are endogenously expressed noncoding RNA molecules (18--24 bases) that posttranscriptionally regulate gene expression within eukaryotic genomes, a mechanism that involves miRNA hybridization with the 3′-untranslated mRNA region of target genes leading to gene silencing and translational repression of protein synthesis ([@B16], [@B62]). The vascular endothelium is now a confirmed source of several dozen miRNAs that collectively facilitate regulation of endothelial gene expression and cell fate ([@B146], [@B150]).

Recent findings on the flow-dependent regulation of Krüppel-like factor 2 (KLF2), a vasoprotective transcription factor known to positively regulate endothelial genes including TM ([@B57]), provide the most compelling evidence thus far that endothelial TM expression is influenced albeit indirectly by miRNA. Inhibition of miR-92a, a member of the miR-17--92 cluster predicted to bind the 3′-UTR of the KLF2 transcript ([@B17]), was found to increase protein and mRNA levels for both KLF2 and TM in HUVECs ([@B65], [@B187]). The same study also demonstrates that miR-92a is downregulated by atheroprotective laminar shear to induce KLF2 and TM levels, consistent with earlier shear studies ([@B35], [@B67]). Thus shear-dependent suppression of miR-92a in endothelial cells likely enhances expression of KLF2 leading to transactivation of the TM promoter. Consistent with these observations, atheroprone endothelial sites (e.g., aortic arch) that exhibit nonlaminar shear flow pattern manifest elevated miR-92a leading to decreased levels of KLF2 (and, one would assume, TM) ([@B46]).

MicroRNAs are now established therapeutically viable targets in the regulation of vascular inflammation and senescence (e.g., miR-146a, miR-217, miR-34a, miR-126, miR-21, miR-210, miR-181b) ([@B121], [@B151], [@B169], [@B170]), tumor angiogenesis (miR-19b-1) ([@B191]), and in vascular diseases such as hypertension (miR-125a/b-5p) ([@B83]) and atherosclerosis (miR-92a, miR-27, miR-10a) ([@B23], [@B46], [@B47]). In view of the established roles for TM in the regulation of inflammatory and thrombotic processes within the vascular wall, in conjunction with its indirect regulation by miR-92a via KLF2 ([@B46], [@B187]), one can anticipate future studies detailing approaches to modulating TM levels in vivo using miRNA-targeting strategies.

POSTTRANSLATIONAL REGULATION
============================

As with many regulatory proteins, TM can undergo an assortment of post-translational modifications that can lead to alterations in its size, structural orientation, amino acid side chain chemistry, and localization, ultimately modulating its vascular homeostatic properties to reflect the tissue environment.

### Oxidation.

Early work by Glaser et al. ([@B54]) demonstrated that endothelial TM could be almost completely inactivated by oxidation of methionine-388 located within the fifth EGF-like repeat domain (which mediates thrombin binding and anticoagulant function). These authors present evidence pointing to polymorphonucleur neutrophil-derived NADPH oxidase as a probable source of the biological oxidants that cause the TM inactivation typically observed in inflamed tissues. Oxidation of Met-388 leading to lessening of TM functions has also been the subject of studies by Wood et al. ([@B181], [@B182]) and Wang et al. ([@B175]), while ROS-dependent inactivation of TM has been reported in a mouse model of vascular dysfunction and thrombosis ([@B2]). Furthermore, a relatively recent article by Stites and Froude ([@B148]) proposes that the elevated oxidative stress associated with smoking and diabetes is responsible for the prothrombotic state of these conditions by virtue of increased TM Met-388 oxidation and the subsequent decrease in circulating activated protein C levels. Also noteworthy, cellular reducing agents have been shown to modify TM disulfide bonds, rendering the molecule more susceptible to serine protease-mediated cleavage and its subsequent shedding ([@B102]).

### Glycosylation.

As with many transmembrane proteins boasting an ectodomain, TM is a glycoprotein likely displaying tissue-, organ-, and species-specific glycosylation phenotypes, thus enabling regulatory flexibility with respect to TM:thrombin function in different vascular beds. *N*-linked glycosylation at asparagine residues has been reported for urinary TM ([@B42], [@B171]). Early studies also report the presence of a TM-associated *O*-linked glycosaminoglycan (GAG) chain, showing cell-dependent modification of TM at Ser-474 ([@B87]). Interestingly, both Edano et al. and Lin et al. also report GAG modification at Ser-472 in C127 mammary tumor cells and CHL-1 melanoma cells, respectively ([@B42], [@B87]). This *O*-linked GAG modification mediates TM interactions with exogenous GAGs and modulates its thrombin-binding and anti-coagulant activities ([@B79]). Indeed, treatment of rabbit TM with chondroitin ABC lyase to remove *O*-linked GAGs substantially reduced its thrombin-binding capacity ([@B79]), while Ye et al. ([@B189]) report that the chondroitin sulfate (CS) moiety of TM allows it to bind a second molecule of thrombin. The relevance of the *O*-linked GAG chain in TM is further clarified in a relatively recent study by Bouton and co-workers ([@B19]), who demonstrate in HAECs that the TM CS moiety facilitates complexation with protease nexin-1 (PN-1), a thrombin-inhibiting serpin secreted by endothelial cells. The resultant TM/PN-1 complex has markedly increased inhibitory capacity toward thrombin activity and thrombin-induced fibrinogen clotting compared with either unbound TM or PN-1. Importantly, this study is consistent with an earlier paper by Koyama et al. ([@B79]) demonstrating how TM can modulate thrombin inactivation by other heparin-activated serpins (i.e., heparin cofactor II and antithrombin III) as a function of its *O*-linked CS phenotype in conjunction with the presence or absence of exogenous GAGs (e.g., heparin or dermatan sulfate).

### Proteolysis.

Much attention has been devoted to the subject of endothelial TM as a cellular substrate for proteolytic cleavage, frequently leading to its shedding as a soluble variant (sTM). In this respect, sTM has been observed in biological fluids ranging from serum ([@B117]) and urine ([@B70]) to synovial fluid ([@B29]). A study by Abe et al. ([@B1]) demonstrated that following incubation of HUVECs with either granulocyte elastase or cathepsin G, both leukocyte-derived lysosomal proteases, cellular TM activity was, respectively, decreased by 90% and 80%, with a concomitant increase in soluble TM variants within the media fraction. Other early studies further confirm likely roles for neutrophil-derived elastase and cathepsin G in the reduction of endothelial cell surface TM activity and elevated TM shedding as causative elements of vascular injury in models of *E. coli*-induced sepsis, TNF-α-induced endothelial activation, and adult respiratory distress syndrome (ARDS) ([@B15], [@B77], [@B93], [@B124]). Moreover, a recent study by Matsuyama et al. ([@B101]) has implicated neutrophil-derived enzymes in the proteolytic release of TM from gingival epithelial cells during periodontitis. Other enzymes have also been implicated in TM proteolysis and subsequent shedding. Wu et al. ([@B184]) report that LPA-induced shedding of the TM lectin-like domain in HUVECs is MMP-dependent. Moreover, *P. gingivalis*-derived cysteine proteases (arginine- and lysine-specific gingipains) have been shown to elicit TM degradation and release from the microvascular endothelium in patients with periodontitis, leading to vascular coagulation and inflammation ([@B64]). Studies have also confirmed TM cleavage by rhomboids, a family of evolutionarily conserved intramembrane serine proteases originally characterized based on their proteolytic specificity toward *Drosophila* "Spitz-like" substrates. The TM transmembrane domain can be cleaved by RHBDL2-like rhomboids to release soluble TM, a process mediated through the TM cytoplasmic domain ([@B92]). While intriguing, however, the relationship between rhomboids and TM has thus far only been studied in nonvascular cells and dermal wound models ([@B25], [@B92]).

Nonproteolytic mechanisms causing loss of TM from the cell surface are also worth mentioning. Early studies by Maruyama and Majerus ([@B98]) and Dittman et al. ([@B39]) using A549 and hemangioma cells, respectively, demonstrated how TM/thrombin binding could lead to internalization of surface TM with evidence for partial TM degradation and recycling. Later studies go on to demonstrate that TM cell surface levels can be regulated by endocytosis via non-clathrin-coated pits, an internalization process directed by TM\'s extracellular lectin-like domain ([@B31], [@B32]). TM shedding from activated endothelium via endothelial microparticles (and exosomes) has also been suggested. These heterogeneous microvesicles facilitate the intercellular exchange of signaling components such as miRNAs, coagulant molecules, and receptors ([@B8]). Early work by Satta and co-workers for example has demonstrated that LPS treatment increases TM activity on monocyte-derived MPs by up to 80% ([@B135]). Coelevated TM and MP levels in serum have also been observed during systemic inflammatory response syndrome (SIRS) in humans and during heat stroke in baboons ([@B18], [@B116]), while recent work by Duchemin et al. ([@B40]) points to an influence of circulating MPs on the "TM resistance" of patients suffering from myeloproliferative neoplasm.

Circulating levels of TM are typically in the low nanogram per milliliter range in healthy human subjects, with pathology frequently causing a moderate, but significant, 1.5- to 2.0-fold increase in patient plasma TM levels ([@B38], [@B90], [@B105], [@B130], [@B178]). While these TM levels are probably too low to have a significant impact on coagulation processes, the consistent elevation in circulating TM levels during pathologies is now widely regarded as an important circulatory biomarker for endothelial dysfunction and vascular risk assessment ([@B15]). Consistent with this notion, elevated plasma TM levels have been found to correlate with atherosclerosis ([@B119], [@B158]), cardioembolic stroke ([@B38]), obesity ([@B165]), *Lupus erythomatosus*-associated metabolic syndrome ([@B105]), preeclampsia ([@B130]), sepsis-associated disseminated intravascular coagulation (DIC) ([@B90]), and severe acute respiratory syndrome (SARS) ([@B91]). Significantly elevated plasma TM levels have also been observed in patients following coronary artery bypass graft (CABG) surgery ([@B10], [@B78]). By contrast, several clinical studies report on vascular pathologies manifesting reduced sTM levels. For example, an inverse relationship between sTM and disease risk has been reported for type-2 diabetes ([@B160]) and coronary heart disease ([@B134], [@B185]), while lower levels of sTM have been reported in the serum of patients suffering from acute cerebral infarction ([@B113]). Indeed, the more recent MONICA/KORA study demonstrates a lack of any association between sTM levels and CHD risk ([@B75]). The incongruity within these collective observations therefore illustrates the need for greater understanding of the precise functional relevance and action of sTM in serum and reinforces the importance of coanalyzing sTM levels with other thrombotic/coagulation markers (e.g., factor VIII, PAI-1) during vascular risk assessment and cohort stratification ([@B6]).

THERAPEUTIC CONSIDERATIONS
==========================

### Soluble recombinant TM.

An improved understanding of the regulation and functions of TM within the vascular endothelium has enabled researchers to better exploit its therapeutic potential. The vasculoprotective properties of various soluble TM preparations (which have been shown to effectively bind circulating thrombin and generate activated protein C) have received particular attention, with studies ranging from animal models to human clinical trials (for review see 106). An early study by Li et al. ([@B84]) for example demonstrates how recombinant sTM infusion could reduce neointimal hyperplasia following balloon injury in a rabbit femoral artery model, a therapeutic mechanism that likely encapsulates the anticoagulant and anti-inflammatory properties of the recombinant sTM domains. The ability of sTM to effectively reverse the inflammatory phenotype of the renal microvascular endothelium in rat and murine models of acute ischemic kidney injury and chronic kidney disease, respectively, has also been reported ([@B122], [@B139]). As further testament to its vasculoprotective properties, the therapeutic benefits of recombinant sTM administration toward recovery from severe inflammatory disorders such as heat stroke and radiation toxicity have again been demonstrated in rat and murine models, respectively ([@B53], [@B60]), the former study highlighting an sTM mechanism involving a decrease in high-mobility group box 1 (HMGB1) serum levels in conjunction with blockade of NO overproduction. A human recombinant TM comprising the six EGF-like repeats (domain 2) and Ser/Thr-rich section (domain 3), subsequently referred to as TMD23, has also been reported to have vasculoprotective properties in animal models. Shi et al. ([@B140]) illustrate the proangiogenic potential of TMD23 in rat corneal implants, while Wei et al. ([@B177]) demonstrate the ability of TMD23 to reduce both neointimal formation (C57BL/6 mouse carotid ligation model) and atherosclerotic lesion formation (ApoE^−/−^ mouse model).

The beneficial effects of soluble TM have also been reported in human clinical trials ([@B132]). Approved in 2008 for human therapy in Japan, ART-123 (thrombomodulin alpha, Recomodulin) is a recombinant human soluble TM comprising extracellular domains 1--3, which are essential for the anti-inflammatory and anticoagulant actions of the molecule. ART-123 has been reported to be extremely effective in the rapid resolution of DIC ([@B69], [@B76], [@B115]), proving safer and more effective as an inhibitor of the propagation of coagulation than traditional low-dose heparin therapy ([@B109]). ART-123 has also been used to successfully treat microangiopathies stemming from transplantation-associated sepsis ([@B133]) and *Lupus*-induced thrombosis ([@B150]), as well reversing the capillary leakage that accompanies "inflammatory engraftment syndrome" in individuals undergoing hematopoietic stem cell therapy ([@B63]). Solulin (sothrombomodulin alpha) is another human recombinant sTM analog that has recently undergone a phase 1 human clinical trial ([@B168]). Solulin comprises the same soluble extracellular structure as ART-123, but with specific modifications to further enhance the pharmacokinetic and pharmacodynamic properties of the molecule. These include a series of NH~2~-/COOH-terminal amino acid deletions and up to four single amino acid exchanges to enhance resistance to oxidation, improve cellular export, and prevent attachment of chondroitin sulfate, collectively improving the stability, homogeneity, and plasma elimination half-life of sTM ([@B168]). The efficacy of Solulin in reducing infarct volume during acute ischemic stroke in rats has been attributed to its thrombin binding anticoagulant properties ([@B149]), as well as its ability to downregulate inflammatory cytokine gene expression ([@B131]), while its anti-fibrinolytic properties are evident in clot stability assays performed on whole blood drawn from hemophilic human and canine subjects ([@B49]).

Finally, strategies to improve sTM targeting and therapeutic efficacy offer a means of enhancing the clinical value of recombinant soluble TM. Early work by Wang and co-workers for example demonstrated that fusing a tissue factor (TF) single-chain antibody to an active TM fragment generated a novel fusion protein, Ab(TF)-TM, with a dual mechanism of action, namely, anticoagulant TM-mediated enhancement of protein C activation in conjunction with blockade of prothrombotic TF/factor VIIa-mediated activation of factor IX/X. The fusion protein subsequently demonstrated significantly higher fold efficacy in the resolution of DIC in rats than either sTM or Ab(TF) alone ([@B176]). Similarly, linking a PECAM-1-directed antibody single-chain fragment (scFv) to TM recently yielded a fusion protein, scFv(PECAM-1)-TM, for enhanced vascular immunotargeting of TM in mice ([@B21]). Moreover, fusion of TM to a red blood cell-directed scFv was recently shown to prolong the circulation time and bioavailability of soluble TM ([@B192]).

### Biomaterial coating.

The use of recombinant human TM to modulate the surface thromboresistance of blood-contacting biomaterials represents another important therapeutic application. Workers have recently demonstrated for example that coating of ART-123 onto dialyzer membranes can effectively prevent clot formation during dialysis, thereby providing a safe alternative to the drawbacks of heparin administration ([@B99], [@B118]). Moreover, recent evidence demonstrating incomplete endothelialization and low TM expression levels among existing FDA-approved drug eluting stents (DES) has prompted scientists to reconsider the influence of DES agents on endothelial thromboresistance leading to stent thrombosis ([@B71]). Paclitaxel, an anti-proliferative DES agent used to prevent neointimal hyperplasia, has been shown to cause TNF-α-induced release of tissue factor leading to endothelial TM downregulation and thereby contributing to a prothrombotic intimal stent surface ([@B173], [@B183]). Reengineering of stents to avoid such thrombogenic complications is now being undertaken. Wong et al. ([@B180]) have demonstrated for example that stenting with recombinant human TM-coated PTFE stents could significantly reduce balloon angioplasty-induced neointimal hyperplasia in a pig carotid artery model. Long-term studies, however, need to be conducted to ascertain the resilience of this and other related stent coating improvements for the prevention of arterial thrombosis and graft stenosis following balloon angioplasty and CABG, respectively.

### Statins: pleiotropic effects.

Statins reduce endogenous cholesterol biosynthesis through selective inhibition of 3-hydroxy-3-methylglutaryl co-enzyme A reductase ([@B80]) and so are widely prescribed for the treatment of dyslipidemias associated with cardiovascular disease and diabetes. Statins also exhibit a multitude of beneficial pleiotropic (nonlipid) effects, of which the vascular endothelium is a key target. Statin-mediated upregulation of endothelial nitric oxide synthase (eNOS), for example, has well-known anti-inflammatory and anticoagulant effects ([@B157]). Induction of endogenous TM production leading to anti-inflammatory effects constitutes a further pleiotropic benefit of statins, albeit originally unforeseen for this class of drug (and quite distinct from the predesigned therapeutic modality of recombinant soluble TM). Various studies have documented the upregulation of TM expression in endothelial cells in response to either atorvastatin or simvastatin treatment and demonstrate the anti-inflammatory ability of statins to counteract the suppressive effects of TNF-α (and thus, NF-κB) on TM expression ([@B13], [@B89], [@B141]). The induction of TM expression and protein C activation in irradiated HUVECs has also recently been reported to be a protective effect of atorvastatin ([@B123]). The statin-mediated induction of TM expression has been attributed to transcriptional mechanisms involving both the upregulation of KLF2 expression and the NO-dependent dissociation of HSF1 from heat shock protein 90, with subsequent nuclear translocation of both factors to Kruppel-like factor and heat shock elements within the TM promoter, respectively ([@B50], [@B137]). With respect to KLF2, researchers have also reported that atheroprotective laminar shear stress, through suppression of miR-92a, can upregulate endothelial TM via KLF2-dependent transactivation of the TM promoter ([@B35], [@B187]). Interestingly, the pleiotropic upregulation of endothelial TM by statins was only observed under atheroprotective shearing conditions (consistent with miR-92a suppression and KLF2 induction), and not under conditions of atherogenic oscillatory shear ([@B128]). These collective observations suggest that statin-mediated pleiotropic effects on TM are restricted to shear-protected regions of the endothelium and putatively involve suppression of miR-92a. They also lead one to speculate that anti-miR-92a-driven TM upregulation, used in conjunction with statins, may be a potentially viable future therapeutic approach for the improved treatment of vascular pathologies manifesting elevated endothelial thrombogenicity.

CONCLUDING REMARKS
==================

TM is a vasculoprotective integral membrane glycoprotein displaying anticoagulant, antifibrinolytic, and anti-inflammatory properties and, as such, is a pivotal determinant of endothelial thromboresistance. TM is also released/shed from the endothelium as an extracellular soluble form (sTM), this event frequently indicative of inflammatory cellular damage. Consistent with its multifaceted homeostatic roles, TM is subject to physiological (and pathological) regulation at multiple levels, from transcriptional to posttranslational, thus enabling its expression and processing to coordinate with intravascular conditions. Particularly noteworthy, the susceptibility of endothelial TM to mechanoregulation by shear stress and cyclic strain reinforces the homeostatic role of TM under laminar blood flow conditions and strongly implicates a role for TM downregulation (e.g., through KLF-2 and miR-92a mechanisms) in the pathogenesis of chronic flow-associated vascular disorders such as atherosclerosis and vein graft thrombosis. Steady advances in our mechanistic understanding of TM regulation and function within the vasculature will undoubtedly improve and broaden its therapeutic and biomedical potential.
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